DNA damage response is finely tuned, with several pathways including those for DNA repair, chromatin remodeling and cell cycle checkpoint, although most studies to date have focused on single pathways. Genetic diseases characterized by genome instability have provided novel insights into the underlying mechanisms of DNA damage response. NBS1, a protein responsible for the radiation-sensitive autosomal recessive disorder Nijmegen breakage syndrome, is one of the first factors to accumulate at sites of DNA double-strand breaks (DSBs). NBS1 binds to at least five key proteins, including ATM, RPA, MRE11, RAD18 and RNF20, in the conserved regions within a limited span of the C terminus, functioning in the regulation of chromatin remodeling, cell cycle checkpoint and DNA repair in response to DSBs. In this article, we reviewed the functions of these binding proteins and their comprehensive association with NBS1.
INTRODUCTION
The human genome is constantly challenged by a plethora of insults, and its integrity is maintained by so-called DNA damage responses including cell cycle checkpoint, chromatin remodeling and DNA repair [1, 2] . These pathways in DNA damage response must be closely associated in order to facilitate DNA repair with sequential access of the repair proteins and the appropriate duration of repair time. DNA double-strand breaks (DSBs) are the most deleterious form of DNA damage and can be generated by extrinsic stress, such as exposure to ionizing radiation, and intrinsic accidents during DNA replication. A DSB generated in a cell, if not correctly rejoined, potentially leads to cellular lethality or development of malignancy. To cope with DSBs, vertebrates have evolved two major repair pathways: homologous recombination repair (HRR) and nonhomologous end joining (NHEJ). HRR produces 3′ single-strand DNA (ssDNA) at DSB ends by resection of 5′ DNA to facilitate strand invasion into the homologous region of a sister chromatid, which in turn serves as a template for reconstruction of the damaged DNA sequences [3] . NHEJ, which is a dominant process in higher eukaryotes, enables cells to rejoin DSBs directly, or after processing the DNA ends, at an appropriate chromosomal end. These repairs must be coordinated with the cell cycle checkpoint to arrest cell growth until the repair is completed. At least two checkpoints, G1 and G2, are involved in DSB repair. Normal progression through G1 is promoted through activity of the cyclin-dependent protein kinases 2 (CDK2), which is inhibited by p21. In the G1 checkpoint, the amount of p53 in the damaged cells is increased and it mediates the expression of p21 through enhanced transcription [1, 2] . Similarly, the G2 checkpoint enables cells to arrest the cell cycle in the G2 phase via Chk2 activation, which in turn inactivates CDK1, a kinase required for passage from the G2 to the M phase, via CDC2 phosphorylation, a binding partner of CDK1 [1, 2] . Because DNA in eukaryotes is packaged into condensed chromatin, chromatin remodeling to relax the tight chromatin structure is an essential step in introducing the repair proteins to the sites of DSBs [4] . DNA damage response must be orchestrated through functional interplay among the checkpoint, chromatin remodeling and DNA repair (rejoining), while the spatiotemporal regulatory mechanism is yet to be elucidated. NBS1, the protein responsible for Nijmegen breakage syndrome (NBS), is unique in physically binding to key proteins of the DNA damage response within a limited region (approximately 100 amino acids in length) of NBS1 at the C terminus, and regulates the respective pathways [5] . Thus, NBS1 disruption results in dysfunctional pathways of DNA damage response; consequently, patients with NBS are characterized by high frequencies of malignancy and high sensitivity to ionizing radiation.
NIJMEGEN BREAKAGE SYNDROME
NBS is a rare autosomal recessive genetic disorder characterized by microcephaly and a predisposition to malignancy. In 1981, two brothers affected with NBS were first described by C. Weemaes at the University of Nijmegen [6] . After the first recognition of the disorder, the disease appeared to be prevalent in the Eastern and Central European populations, particularly in Poland and the Czech Republic. To date, 150 patients have been reported in many other European countries, North and South America, Morocco, New Zealand and Japan [7] . Microcephaly is a hallmark symptom of NBS, which is detected in 100% of patients after the age of 1 month. By the age of 20 years, over 40% of NBS patients develop a malignant disease, predominantly of lymphoid origin, and the incidence is one of the highest among repair-deficiency diseases. NBS patients are particularly prone to recurrent infections, such as those of the respiratory and urinary tracts. The humoral immunodeficiency in NBS patients is agammaglobulinemia, particularly IgG and IgA deficiency; however, 10% of patients show a normal Ig status [7] . NBS patients show chromosomal instability in peripheral lymphocytes in the form of inversions and translocations involving chromosomes 7 and 14 at the sites of IgH or TCR genes. Malignancy and recurrent infections are the major cause of death in these individuals. Freckles are the most frequently reported skin pigmentation abnormality, as observed in patients with the UV-sensitivity disease xeroderma pigmentosum (XP) [6] . Half of the patients show minor skeletal anomalies, such as encountered in patients with the DNA crosslinking agent-sensitivity disease Fanconi anemia (FA). The frequency of heterozygous carriers in the Eastern and Central European population is estimated to be one case per 177 newborns [7] .
Cells from an NBS patient show high sensitivity to ionizing radiation (IR) and abnormal cell cycle checkpoints, which are signs similar to those found in ataxia-telangiectasia (A-T) [1, 2] . For these reasons, NBS has been considered to be a variant of A-T and is further divided into two groups: AT variant 1 and AT variant 2 or Berlin breakage syndrome. This subdivision of the variants was proposed on the basis of complementation studies of cell hybrids of AT variants 1 and 2 using DNA synthesis as an endpoint, although the inadequacy of this endpoint in AT hybrids has been indicated [8] . The putative gene responsible for NBS was mapped to 8q21-q24 [9, 10] , and we and others independently cloned NBS1, the underlying gene, from the candidate region in 1998 [11] [12] [13] [14] . It is noted that two putative variants were caused by the mutation of a single NBS1 gene.
The NBS1 gene consists of 16 exons over 50 kb, and it encodes a 754-amino acid NBS1 protein (85 kDa). All but one patient in the Eastern and Central European populations were homozygous for a 5-base pair (bp) NBS1 deletion, 657del5, revealing the presence of a common founder [11] . All 11 mutations identified to date are located between exons 6 and 10, producing either a 73-or a 52-kDa fragment of NBS1 with a low level of expression [15, 16] . Two further mutations have been reported in exons 4 and 10 in French siblings, and a homozygous mutation in exon 5 in a Japanese child; however, no clinical sign of NBS was presented in these individuals [17, 18] . All efforts to develop an Nbs1-null mouse have failed because of embryonic lethality of the Nbs1-null phenotype. It is noteworthy that all NBS cell lines derived from human fibroblast cells and mouse MEF cells express the C-terminal fragment of NBS1 at a low level, although the expression levels and the truncated species are different among cell lines and mutants [19] .
NBS1 PROTEIN
The NBS1 protein contains two functional regions at the N terminus (1-196 amino acids) and the C terminus (665-693 amino acids). Weak homology to yeast Xrs2 protein (29%) was first recognized at the N-terminal sequence [1, 2] , which consists of a forkheadassociated (FHA) domain (20-108 amino acids) and a BRCA1 C terminus (BRCT1: 111-197 amino acids; BRCT2: 219-327 amino acids) domain (Fig. 1) . The FHA domain is required for binding of NBS1 to CtIP (a homolog of yeast Sae2), which resects DSB ends to produce 3′ ssDNA for HRR. Similarly, both FHA and BRCT1/2 interact with the phosphoserine of MDC1 to accumulate at DSB sites, which are visualized as radiation-induced nuclear foci using immunofluorescence. The C terminus of NBS1 contains at least five regions conserved in vertebrates: an RPA-binding region (549-563 amino acids), an RAD18-binding region (650-665 amino acids), an MRE11-binding region (682-693 amino acids), an RNF20-binding region (704-708 amino acids) and an ATM-binding region (734-754 amino acids). The MRE11-binding region, identified using yeast two-hybrid experiments, is essential for the MRE11/RAD50 complex accumulation at the sites of DSBs and the subsequent HRR pathway [20, 21] . This MRE11-binding region is well conserved in eukaryotes, Fig. 1 . Structure of NBS1 protein. NBS1 consists of FHA and BRCT1/2 regions at the N terminus and multiple protein-binding regions at the C terminus. FHA and BRCT1/2 regions are involved in the IR-induced nuclear foci via interaction with phosphoproteins. Protein-binding regions at the C terminus contain ATM-, RNF20-, MRE11-, RAD18-and RPA-binding regions, which regulate cell cycle checkpoint, DNA repair and chromatin remodeling.
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MRE11 AND HOMOLOGOUS RECOMBINATION
MRE11 has a nuclease activity that generates 3′ ssDNA tails during the S and G2 phases, which invade homologous strands of the sister chromatid and exploit it as a template for DNA synthesis of the damaged DNA sequences. NBS1 has a role in the recruitment of MRE11 nuclease to the sites of DSBs, physically interacting with it at the C terminus (Fig. 1) , so the accumulation of MRE11 nuclease has been shown to be abolished in NBS1 clones lacking the MRE11-binding region [20] . Thus, NBS1 is essential for HRR in vertebrates, such as in human and chicken cells. Conversely, the disruption of NBS1 or cells from NBS patients severely reduced HRR ability as measured by HRR reporter assay using DR-GFP and SCneo [3, 21] . In contrast, the A-T cells or ATM-depleted cells had normal HRR activity as measured by the reporter assay, although the precise mechanism was not understood [3] . NBS1 activity is modified during the S and G2 phases through phosphorylation at the S432 site with CDK [25] . Indeed, NBS1 mutation at the CDK-mediated phosphorylation site significantly reduces the generation of ssDNA tails during the S and G2 phases. Thus, NBS1 plays a critical role in HRR, although HRR is considered to play a minor role in mammalian DSB repair when DSB is induced through IR exposure. However, NBS cells are highly sensitive to IR, suggesting a dysfunction of NHEJ. NHEJ is further categorized into two subgroups: Ku protein-dependent NHEJ (or canonical NHEJ) and microhomology-mediated end-joining (MMEJ or alternative NHEJ). Our NBS1-deficient chicken DT40 cells showed normal Ku-dependent NHEJ, but not MMEJ, when measured using the end-joining assay with the microhomology DNAs [21] . This finding is consistent with the observation that NBS1 disruption causes MRE11 dysfunction, which is required for MMEJ. Thus, the MRE11-binding domain of NBS1 at the C terminus predominantly determines IR sensitivity by both pathways of HRR and MMEJ in mammalian and chicken cells. This is functionally and structurally similar to yeast DSB repair, because Xrs2 shows sequence homology with the mammalian MRE11-binding region and the disruption of Xrs2 impairs both HRR and NHEJ [26] .
RNF20 AND CHROMATIN REMODELING
Chromatin remodeling is usually initiated by histone modification at DSB sites and is followed by the accumulation of a protein, termed as a chromatin remodeling factor that relaxes the chromatin structure in an ATP-dependent fashion. NBS1 and ATM physically interact with RNF20, a ubiquitin ligase of histone H2B, after IR exposure [22, 27] (Fig. 1) , suggesting that RNF20 is involved in NBS1-and ATM-associated DSB repair. Indeed, RNF20-depleted cells compromise the accumulation of HRR proteins such as RAD51 and BRCA1, and NHEJ proteins such as XRCC4, which inhibits DSB repair. RNF20-mediated H2B ubiquitylation is directly involved in DSB repair, because overexpression of the K120R H2B mutant, which lacks a lysine to be ubiquitylated, significantly attenuates the accumulation of repair proteins at DSB sites. The role of RNF20 in DSB repair is associated with chromatin remodeling, because the impaired accumulation of the repair protein at the DSB sites after RNF20 depletion was restored via treatment with several agents that induce chromatin relaxation [22] . This is further supported by the observation that the concurrent depletion of RNF20 and SNF2H (Fig. 2a) , a chromatin remodeling factor, resulted in no more reduction of HRR ability than that of a single depletion, indicating epistatic function in the common pathway [19] . Moreover, the RNF20-SNF2 h pathway is controlled by FACT, a histone chaperone, as it physically binds to RNF20 and that mutation of FACT at the binding sites leads to failure of RNF20 accumulation at the DSB sites [28] . Consequently, accumulation of SNF2 h at DSB sites is compromised by the depletion of either RNF20 or FACT.
CHD3.1, another chromatin remodeling factor (Fig. 2a) , detached from heterochromatin after IR exposure, and this detachment is a prerequisite for chromatin remodeling before processing of DSB repair. The radiation-induced dispersion of CHD3.1 requires phosphorylation of KAP-1 at S824, which causes dissociation between KAP-1 and CHD3.1, so that CHD3.1 detaches from the histone at the DSB sites [29] . Interestingly, CHD3.1 functions in the same pathway as that of H2AX phosphorylation, although this modification of H2AX is not necessary for the RNF20-SNF2 h pathway. It may be noted that the phosphorylation of H2AX at damage sites is very rapid, whereas the ubiquitylation of H2B is much slower. Recently, Klement et al. [30] proposed a model in which the relaxation of heterochromatin at DSB sites requires two events: CHD3.1 initially detaches from histone via KAP-1 phosphorylation, but this detachment is not sufficient for chromatin decondensation, particularly in heterochromatin. An additional recruitment of SNF2 h and substitution with CHD3.1 are required for the completion of chromatin remodeling at the DSB site (Fig. 2b) .
RAD18 AND TRANSLESION DNA SYNTHESIS
In the original paper by C. Weemases, NBS was classified as a UVsensitivity disease, similar to XP [6] . XP is a UV-sensitivity recessive genetic disease resulting from a defect in nucleotide excision repair (NER). However, our experiments using enzyme linked immunosolvent assay with antibodies to cyclobutane pyrimidine dimer and 6-4 photoproduct showed normal activity of NER in NBS1-deficient cells, although they were significantly UV-sensitive [19] . In addition, a defect in translesion DNA synthesis (TLS) is the underlying mechanism of another type of XP, known as XP variant. TLS is initiated by ubiquitination of PCNA, which causes a DNA polymerase switch with translesion DNA polymerase, Pol eta, to perform DNA synthesis across the damaged DNA. The ubiquitin-conjugating enzyme RAD6 and ubiquitin ligase RAD18 are recruited to sites of stalled replication after UV exposure and mediate monoubiquitination of PCNA. We analyzed TLS in NBS1-deficient cells using UV-induced Pol eta focus formation as a marker of TLS. The results indicated that NBS1 deficiency severely impairs both Pol eta focus formation and monoubiquitination of PCNA. These defects are caused by the impaired recruitment of RAD18, because UV-induced RAD18 foci were not formed in NBS1-defective cells. Upon UV exposure, NBS1 binds directly to RAD18 via the RAD18-binding region at the C terminus and recruits RAD18 to the damage sites (Fig. 1) [19] . This sequence of events has been further confirmed through the development of a knock-in (KI) mouse NBS1 and its response to DSB • i13 that lacks the RAD18-binding region of NBS1. The NBS1-KI mouse, which is viable, is UV sensitive, and cells of the mouse show normal UV-induced NBS1 but not RAD18 focus formation, indicating that NBS1 controls RAD18 recruitment after UV exposure [31] .
The Rad18-binding region of NBS1 shows high sequence homology with that of RAD6, suggesting that RAD6 and NBS1 compete to bind to the same surface of RAD18 (Fig. 3a, 3b) . However, it is puzzling that RAD18 can be recruited by NBS1 and can function with RAD6 if bindings to NBS1 and RAD6 are mutually exclusive [19] . This question was resolved through our immune-precipitation experiment with an antibody to RAD18, showing homodimer formation of RAD18 in cells, which was later confirmed by another group using X-ray crystallography [32] . Thus, NBS1 plays a key role in the initiation of translesion DNA synthesis, although its functional role in the response to DSBs remains a mystery.
ATM/RPA AND CELL CYCLE CHECKPOINT
In response to DSBs, ATM undergoes spatial relocalization and catalytic activation, resulting in growth arrest via regulation of the cell cycle checkpoint. The G1 checkpoint is initiated through phosphorylation of p53, MDM2 and Chk2 kinase by ATM activation, and similarly the G2 checkpoint with phosphorylation of CDC25 by activation of both ATM and Chk2 kinases [1, 2, 33] . In undamaged cells, the dormant ATM protein is present as a homodimer, which dissociates into an active monomer upon generation of DSBs. This model was originally associated with autophosphorylation of human ATM at • K. Komatsu i14
Ser1981 for monomerization of ATM dimers [34] . However, surprisingly, mutation of Ser1981 at the autophosphorylation sites in mouse ATM did not affect ATM activation and subsequent signal transduction. Further studies suggested that dispersion of PP2A and PP5 phosphatases from ATM is more important for ATM activation. Another hypothesis is that autophosphorylation is required only for the retention of activated ATM at the DSB sites, rather than for the initial recruitment of ATM. Thus, ATM activation is still being debated, but it is considered that NBS1 plays a central role in ATM recruitment at DSB sites. NBS1 binds to ATM at the extreme C terminus (Fig. 1) and the mutation of ATM-binding sites abrogates ATM accumulation at DSB sites. Similarly, a mutant lacking the binding sites showed a severely affected G2 checkpoint, indicating that the interaction of ATM and NBS1 via the ATM-binding domain is required for the induction of IR-induced checkpoints [34] .
ATR, a so-called ATM-and Rad3-related kinase, is a member of the ATM kinase family, and both ATR and ATM are known as master regulators of the DNA damage response. DSBs rapidly induce ATM activation, which in turn produces ssDNAs at the DSB end for initiation of HRR. Since ssDNA is the DNA structure to trigger for ATR activation, ATR kinase is progressively activated in a TopBP1-dependent manner and then phosphorylates Chk1 kinase at Ser345, leading to phosphorylation of CDC25 and following inactivation of CDK1. The ssDNA is usually coated with RPA immediately after production, and can directly interact with NBS1 at the RPA-binding domain, leading to the recruitment of TopBP1 to the ssDNA sites and resulting in ATR activation [35, 36] . According to this model, mutation of NBS1 at the RPA-binding region affects the G2 checkpoint but does not affect ATM activation. ATR and ATM appear to have a distinct role in cell cycle checkpoints: the NBS1-ATM pathway induces the checkpoint immediately after DSB generation and the NBS1-ATR pathway likely maintains the checkpoint during HRR.
NBS1 IN ICL REPAIR AND CENTROSOME MAINTENANCE
One NBS patient, designated as EUFA1020, has been misdiagnosed as having FA, an autosomal recessive genetic disease [37] . FA is characterized by aplastic anemia, skeletal anomalies and occasionally microcephaly. Cells in FA exhibit defective repair of inter-crosslinking DNA (ICL) damage, which is caused by anti-tumor drugs such as mitomycin C and cisplatin. Some of these clinical symptoms and cellular features of FA are similar to those of NBS, as NBS occasionally displays skeletal anomalies and cells of patients are highly sensitive to mitomycin C. Repair of ICL damage consists of sequential steps including: (1) detection of ICL damage by FA protein complex; (2) nucleolytic incisions in the strand by structure-specific nucleases for unhooking the ICL; (3) TLS-mediated DNA synthesis of the strand opposite to that flanking the ICLs; (4) removal of remaining ICL adducts and gap filling; and (5) rejoining DSBs generated when the replication fork stalls at ICL [38] . Because NBS1 is a HRR protein, it may be involved in step 5 of DSB repair. However, an unexpected role of NBS1 was shown by our removal assay of ICL damage using a dot blot with psoralen-polyethylene oxide-biotin linked to ICL [39] . NBS cells show a defect in ICL removal at step 4, indicating a defect in either step 2 or step 3 but not step 5. Because NBS1 plays a critical role in TLS, NBS1 may be involved in step 3 of ICL repair. This explanation is further supported by a recent observation that high cellular sensitivity to cisplatin was observed after the depletion of TLS polymerase, Pol eta, which is recruited to the damaged sites by NBS1 [19, 40] . Microcephaly is a hallmark symptom of NBS. Genetic disorders characterized by microcephaly, such as primary recessive microcephaly (MCPH) and ATR-Seckel, are defective in centrosome maintenance [41, 42] . Similarly, NBS1 is required for proper centrosome duplication, and the depletion of NBS1 causes the accumulation of excess centrosomes [43] . The excess centrosomes in these syndromes cause defects in cell division and the resulting depletion of the neural progenitor pool, consequently leading to small brain size. This process is also observed in IR-induced microcephaly, as observed in atomic bomb survivors in Hiroshima and Nagasaki who were exposed in utero and have a high risk of microcephaly (56% incidence at 1 Sv exposure) [44] . IR exposure induces excess centrosomes in cultured human and mouse cells, similar to those in NBS1-deficient cells and ATR-deficient cells [45, 46] .
CONCLUSION
NBS patients show several clinical symptoms and cellular features, which are associated with the multiple functions of NBS1, including high IR sensitivity and immunodeficiency associated with both defects in chromatin remodeling and DNA repair (HRR and NHEJ), microcephaly associated with a defect in centrosome maintenance, sun sensitivity associated with a defect in TLS and predisposition to malignancy associated with abnormal cell cycle checkpoints. Upon DSB generation, NBS1 coordinately regulates these pathways by binding at a unique C-terminal region to five key proteins: RNF20 (chromatin remodeling), RAD18 (TLS), ATM and RPA (cell cycle checkpoints), and MRE11 (HRR and NHEJ). Further study of the structural modification of NBS1 and the time course of binding selectivity could broaden our understanding of their precise regulatory mechanisms in response to DSBs.
ACKNOWLEDGMENT
The author wishes to thank the laboratory members and staff who have assisted in this NBS1 project.
FUNDING
Funding to pay the Open Access publication charges for this article was provided by the Research Accomplishment Report Committee of the 15th International Congress of Radiation Research.
